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INVESTIGATIONS INTO ALTERNATE SPARK GAP SWITCHING TECHNIQUES

1. INTRODUCTION

This report documents the experimental design and findings determined in the evaluation
of a new spark gap triggering method. This spark gap design was developed and tested on a part-
time basis at the U.S. Army Research Laboratory (ARL) Woodbridge Research Facility (WRF) in
fiscal years FY) 83 and 94. The design was driven by the need to improve in-house and
commercially available spark gaps for a new current injector design. The anticipated benefits of
this new approach are operator-controlled triggering, multiple spark gap synchronous triggering,
a high number of spark gaps controlled simultaneously, and a limited amount of hardware to
control the triggering.

2. BACKGROUND

This spark gap triggering methodology was developed in the process of designing a current
injection device capable of reproducing the short commercial power line threat for MIL-STD-188-
125. MIL-STD-188-125 provides design guidelines and assessment procedures to ensure that C41
systems are survivable against nuclear high altitude electromagnetic pulse (HEMP). Current
injection is used to assess the performance of power line protecticn devices. MIL-STD-188-125
requires a fast rise time, short duration waveform to simulate the vvorst case HEMP coupling for
the three-phase commercial power line grid. The standard requirer a differential mode peak
current of 4 kA per phase and a common mode peak current of 8 kA per phase. Interpreting the
MIL-STD's requirements resulted in a current injector capable of firing a single output at 4 kA
and firing four outputs (three phases + neutral) at 2 kA for a total common mode amplitude of 8 kA.
The working group for MIL-STD-188-125 defined the source impedance for the current injector as
67 ohms (Q). Using the 4-kA-per-phase peak current results in 2 minimum output level of 270 kV.
Design optimization led to a four-stage Marx configuration requiring four triggerable spark gaps
to separate the capacitors.

During the design of the MIL-STD-188-125 pulser, two triggering requirements became
clear: (1) The trigger mechanism must be capable of simultaneously triggering 16 spark gaps,
and (2) the space typically used in trigger circuits was unavailable because of other design
requirements. Standard commercial or in-house trigger methods were unable to meet these
requirements.




3. SPARK GAP CONSTRUCTION

Two spark gaps were built at the ARL WRF machine shop to be used for the operational
checkout and experimentation. The gaps were built using existing spare parts when possible to
minimize expenses; therefore, the two spark gaps were not identical. All critical dimensions
were, however, maintained to within +0.003 inch for the two gaps. Figure 1 shows the general
construction of the gaps, and the critical dimensions are labeled. The end plates of the gaps were
machined from aluminum, and the main and output electrodes were machined from brass. The
dielectric switch housing was constructed from Plexiglas with an O-ring groove machined at each
end to seal with the end plates. Nylon bolts are used to secure the end plates and the switch housing
together as a unit. The internal portion of the spark gap is pressurized with the inert gas
sulfurhexafluoride (SFg). Items not shown in Figure 1 are gas fittings for the SFg and mechanical
fasteners for the electrodes and end plates. During this experiment, internal gas pressures
ranged from 0 to 40 1b/in2. The center electrode was constructed from the center core of & RG-58 co-
ax cable. The center core provided the internal conductor already set into a flexible dielectric
material. The main electrode was drilled at a sufficient diameter to provide a snug fit for the
center electrode and dielectric material. No external fastening was required to hold the center
electrode in place even with the electrode tip experiencing 40 Ib/in? internal gas pressure. The
surface area of the electrode end was only 0.05 inZ; hence, the center electrode only experienced
2.0-Ib force from the gas pressure.

Figure 1. General construction of spark gap.
4. PRINCIPLE OF OPERATION

High voltage spark gaps are used to control the discharge of capacitors for current injection
or pulse power applications. Presently, spark gaps are triggered (activated) by two methods. The
first method is self breakdown whereby the voltage across the spark gap exceeds the dielectric




strength of the gas between the electrodes, and the spark gap activates itself. The self breakdown
method is crude and sporadic. The breakdown level can be affected by many factors such as
charge rate, dirty electrodes, contaminated dielectric gases, and attachment points on the
electrodes from previous firings. Personnel operating the spark gap have very little control when
the spark gap activates, and it is impossible to simultaneously trigger several spark gaps.

The second method to trigger a spark gap is to introduce a high voltage transient into the
spark gap. The high voltage transient causes an initial arc inside the spark gap, thus causing the
spark gap to activate. This method allows for operator control; however, the problems associated
with this method are complicated triggering circuits and the inability to typically trigger more
than four gaps. The typical trigger circuits involve at least two power supplies and three
sequential transient generators.

This proposed triggering method has several advantages when compared to the two previous
methods discussed. The switching of the spark gap is operator controlled. The control mechanism
is very simple and compact compared to typical trigger circuitry. Multiple spark gaps can be
operated and switched simultaneously by one control mechanism. The number of spark gaps is
limited by the control mechanism, not the design of the spark gap. Commercially available
components have the electrical current handling capabilities to trigger at least 20 spark gaps. The
spark gap control circuits have a very high impedance; thus, they have very little influence on the
capacitor discharge waveform. The high control impedance also allows the spark gaps to be
stacked in series as in a Marx generator configuration. The high impedance allows for sufficient
isolation between the Marx stages to prevent the trigger circuits from degrading the Marx output.
The trigger components are also switched to ground when the Marx is fired so the components do
not experience the elevated voltages from the Marx generator.

Figure 2 shows a single stage output spark gap in an inactive state with the high voltage relay
open. The relay switch has very little contact capacitance, so the trigger resisters remain
effectively at an equal potential during the capacitor charging period. There is no current flow
through the center electrode or the spark gap.

Figure 3 shows the spark gap just when the high voltage relay is closed. The 2-MQ and 200-
KQ resistors now have a voltage potential across them, and the current begins to flow from the
charged capacitor through the resistors and relay switch to ground. Since the 2-MQ resistor is
much larger than the 200-KQ resiator, most of the voltage drop appears across the 2-MQ resistor.
The center electrode, connected to the base of the 2-MQ resistor, drops to the lower potential. The




potential between the main electrode and the center electrode is now great enough to cause an
electrical arc between the main and center electrodes. At a 10-kV charge level for the capacitor, the
trigger arc current is 50 milliamperes. The dielectric material between the center electrode and
the main electrode causes the arc to occur at the tip of the electrodes.
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Figure 3. High voltage relay closing.
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Figure 4 shows the spark gap in its activated state. The small arc from the trigger electrode
caused a flow of electrons to occur inside the gap. Just as the electrons are attracted to the higher
potential of the center electrode, they are attracted to the higher potential of the output electrode. The
flow of electrons to the output electrode causes an ionized path to occur, and the spark gap becomes
activated. Typical output resistance can range from 1 to 1000 Q. In this particular example, the
output resistance has been set to 100 Q, and the output current would have a peak value of 100 amps.
The trigger current was 50 mA and therefore has a negligible effect on the output current.

OUTPUT CURRENT
2 MEG VA
ohms —'\ /
— ]
DISCHARGING 200K — 100
CAPACITOR ohms ohms
J ——
HIGH VOLTAGE
SWITCH (closed)
N

Figure 4. Activated spark gap.
5. TEST CONFIGURATIONS

Two test configurations were set up to demonstrate the capabilities of the spark gap. For both
setups, the power supply was set to 10 kV. The power supply is adjustable from 0 to 40 kV, but above
16 kV, corona became a problem. The first test configuration is shown in Figure 5. A two-stage
Marx generator was constructed to use the spark gaps in a series configuration and to demonstrate
the ability to “stack” the spark gaps for a multistage Marx. The output current and trigger current
were monitored to ensure that the spark gaps were operating as anticipated. The second test
configuration (see Figure 6) used the two spark gaps in a parallel setup. The output current was




measured for each spark gap, and a differential voltage measurement was made to determine the
synchronization of the two spark gaps.
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Figure 5. Marx generator test configuration.
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Figure 6. Parallel output test configuration.
6. TEST RESULTS

Unfortunately, the test results about to be presented are rather uninteresting. As hoped, the
new spark gaps behave as any other type of triggerable spark gap. The results simply show the
firing of the spark gap and the discharge of the charged capacitors. The first series of data shows
the two-stage Marx generator configuration. The charge level was 10 kV per stage, and the output




resistance was 30 . When the Marx generator was triggered, a peak output voltage of 20 kV was
developed. Figures 7, 8, and 9 show the current through the 20-Q output resistor. The late time data
are pressnted to show the complete double exponential waveform. The relatively slow rise time,
10% to 90% @ 276 ns, is attributable primarily to the low output resistor value and the high dl/dt,
3.3E9 amperes/second (A/sec), causing a high inductive impedance during the rise time of the
pulse. Figure 10 shows the output current when loaded with a 200-Q resistor. The 10% to 90% rise
time decreases to 76 ns, and the d/dt decreases to 1.1E9 A/sec.
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Figure 10. Marx output into 200 © 50 ns/division sweep.

The second test configuration was triggering two parallel output capacitors. The output was
measured in two different loads as shown in Figures 11 and 12. Figure 11 is the output current




from a 10-kV charge level through s 200-Q resister. The 10% to 90% rise time of the pulse is 75 ns.
Pigure 13 is the cutput current from a 10-kV charge level and a 10-Q resistor. With a higher dl/dt
(2.6E9 A/ssc versus 5.6ES A/sec), the rise time increased to 325 ns.
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Figure 11. Paralle]l output inte 200 Q 50 ns/division sweep.
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VOLTS 0.0-

The second measurement made for the parallel configuration was a differential voltage
measurement across the two outputs. If the spark gaps trigger simultaneously as hoped, there
should not be a differential voltage to measure. Figure 13 shows the differential voltage
measured. The peak amplitude was 200 V occurring in the first 20 ns. When compared to the
charge level of 10 kV, the differential measurements demonstrate that the spark gaps are
triggering nearly simultaneously.

DIFFERENTIAL VOLTAGE

400.0

200.0-

-200.0

-400.0
0.0E+«0  100.0E9 200.0E-9 300.0E-9 400.0E-9 S00.0E-S

SECONDS
Figure 13. Differential voltage, parallel configuration.

The rise time of the low amplitude pulses contains a large amount of noise riding on the
waveform. Measuring the noise peaks results in a ring frequency of 125 MHz. A significant
effort was put forth to determine the cause and eliminate the noise. The instrumentation could not
bc&iacrodatmynrﬁalutﬁngwhilea‘hoiu:hot’mherfomod,lothenoiueonplingdid
not seem to be caused by radiated emissions. Modifications of the test fixture proved unsuccessful
in determining the noise source. By changing various lead lengths on the trigger and output
circuits, the author hoped to discover a shift in the ring frequency, thus identifying the noise
source. Series resistance was also added between the two capacitors to eliminate the possibility of
under-dampened ringing occurring between the two capacitors (in the Marx configuration) once
the spark gaps were triggered. Unfortunately, none of these tactics worked either separately or
together. The noise appears to be of a consistent amplitude, regardless of the output current; thus, it
was more evident for the lower amplitude waveforms. In retrospect, the only common factor that
was not changed was the actual trigger resistor network. An attempt was made to measure the
current through the trigger resistor network. The expected peak current was 150 mA, and the

10




waveshape should resemble the cutput waveshape (i.e., a double exponential pulse). The only data
collected for the trigger current were dampened sinusocids. Since no rational explanation could be
mads for the suspect data, the data were deemed invalid and unfit to present.

This spark gap design offers a wide variance in the operating voltage. At a specific gas
pressure, the voltage could be adjusted by a factor of «3 between the minimum voltage trigger level
and the maximum voltage hold-off level. By adjusting the spark gap gas pressure between 0 and
40 Bin2, one can vary the spark gap's triggering levels by a factor of =8.5 while making no
mechanical changes. Figure 14 compares the maximum voltage holdoff at various gap pressures
for two gap separations. Figure 15 presents the available data for the 0.065-inch gap capabilities.
The charge level could not be increased beyond 16 kV while operating the test fixture in open air
because of corona problems. Figure 16 documents the 0.045-inch spark gap's flexibility in
triggering levels at various charge levels and gas pressures. A 40-1b/in2 gas pressure should not
be considered an unreasonably high operating pressure. Many gaps used in the labs operate at 60
Ibin2 or higher. Unfortunately, as Figure 14 shows, increasing the gas pressure does not increase
the hold-off voltage in a linear relationship. Henece, increasing the gas pressure from 40 to 60
b/in? does not increase the hold-off voltage by 50%.

10
“
12
10
[
]
¢ —o— 04" Gep|
2 —8— 085" Gap
I
00 8 10 18 20 26 » 38 40

SFg gas pressure (Ib/in2)
Figure 14. Yoltage holdoff of two gap spacings.
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Figure 15. Gap operating range of 0.045 inch.
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Figure 16. Gap operating range of 0.065 inch.

7. LESSONS LEARNED

During the process of testing the two configurations, several noteworthy performance
characteristics were observed. There was a significant difference in the performance of the center
electrode material. The center electrodes were constructed from the center conductor of two
different samples of RG-58 size co-ax cables, Plastoid Corp. #77314 and Pasternack Enterprises
#RGS8B/U. During the testing, the Plastoid Corp. center electrode suffered severe erosion of the
dielectric material around the tip. The trigger arc caused the dielectric material to melt and burn.
As the spark gap firings continued, the eroded center electrode began to cause sporadic spark gap
triggering. The burned material caused dirt to accumulate inside the gap and lowered the voltage
hold-off level of the gap. The eroded electrode also caused the trigger arc to occur inside the main
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electrods rather than at the tip. This limited the voltage triggering range by increasing the
minimal voltage for a consistent spark gap firing. This phenomenon only occurred for the one
electrode sample. The Pasternack Enterprises’' sample was unaffected by the triggering arc.! At
the exposed tip, some carbon paths formed from the arcing, but there was no physical degradation of
the dielectric material. Once the degraded center electrode was replaced with the Pasternack
Enterprises brand material, the spark gap functioned properly.

During the operational testing of the spark gaps, the maximum and minimum trigger levels
were measured. If the voltage level was dropped below a certain minimum (which depended on
gD spacing and gas pressure), the spark gap would not function. Once several unsuccessful
attempts at very low level triggering were made, the spark gap had to be “cleared” to operate at
previously attainable low trigger levels. An example of this “clearing” process is documented for
2 0.045-inch gap at 15 Ib/in2. This gap could reliably hold off 9.5 kV and still operate as low as 3.5
kV with repeatable results. The spark gap failed to operate reliably at 3.0 kV. Once several
unsuccessful attempts at 3.0 kV were made, the spark gap would no longer function below 5.0 kV.
This phenomenon was repeatable and occurred at the same voltage levels each time. The spark
gap had to be triggered several times at 6 kV before it would operate at 3.5 kV again.

8. CONCLUSION

The data presented show that this spark gap functioned similar to other types of spark gaps.
This spark gap also has significant improvements over other triggerable spark gaps by reducing
the complexity of the triggor circuits and increasing the number of spark gaps controlled by a
single trigger circuit. The new trigger circuits will also increase reliability and reduce
troubleshooting efforts. The number of components have been reduced by at least a factor of three,
and all the components can be verified with a standard multimeter.

Future studies and experimentation should increase the number of spark gaps
simultaneously controlled, and further investigation is needed to determine the unidentified

noise source.

IThe use of these co-ax cable center conductors is clearly outside their intended use. This
particular comparison should not be used to judge their relative performance when they are used in
applications for which they were intended.
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The test data were collected on a newly developed instrumentation control software code.
LabVIEW for Windows, a National Instruments product, was used to develop an IEEE bus, GPIB
format instrument driver for the Tektronix 7912 AD transient digitizer (see Figure A-1). A
Gateway2000 486, 50 MHz PC with 24 MBytes RAM served as the operating system with a National
Instruments AT-GPIB card providing the interface to the digitizer. Current measurements were
made either with a Eaton 83363-4M or a Singer 91197-1 probe. The differential voltage
measurements were performed by a Tektronix P6046 differential voltage probe.
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